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I.  BACKGROUND 


The  traveling  charge  gun  propulsion  concept  is  being  explored  at  the 
Ballistic  Research  Laboratory.  A  traveling  charge  is  one  in  which  the 
propellant  is  attached  to  the  projectile,  and  for  which  burning  rates  in  the 
range  of  100-500  m/ s  are  required. >  Most  very  high  burning  rate  (VHBR) 
formulations  investigated  contain  BjqHjq-^  salts  called  Hivelites  which  are 
marketed  by  Teledyne  McCormick- Selpn.  These  hydrides  were  chosen  because  of 
their  reported  ability  to  cause  burning  rates  intermediate  between 
deflagration  and  detonation  in  previously  prepared  formulations.  However, 
Little  is  known  of  the  chemical  mechanisms  by  which  these  materials  accelerate 
propellant  burning  rates.  Also,  such  high  burning  rates  are  due,  in  part  at 
least,  to  physical  characteristics  of  the  traveling  charge  propellants.  In  a 
study  by  Juhasz,  et  al.,^  both  chemical  and  physical  parameters  were  varied  in 
order  to  develop  quidellnes  for  future  formulations.  In  a  series  of 
formulations  in  wnich  the  hinder,  density  and  composition  was  altered,  it  was 
found  that  Increasing  the  solids  loading  or  porosity  of  otherwise  similar 
propellant  formulations  increased  the  burning  rate. 

In  another  phase  of  the  same  study, ^  chemical  effects  were  investigated. 
The  crystalline  oxidizer  ( RDX ,  HMX,  or  triaminognanidine  nitrate,  TAGN)  was 
varied  and  the  effect  of  adding/changing  borohydride  was  also  explored.  The 
maximum  burning  rate  achieved  was  250  m/sec,  well  within  the  range  needed  for 
the  traveling  charge  program.  The  possibility  of  attaining  VHBR 
characteristics  using  only  organic  (C/h/n/0)  compounds  was  tested  by 
preparing  samples  of  porous  consolidated  ball  powder.  The  burning  rates  were 
much  lower  with  an  average  of  3-4  ra/s,  although  it  was  assumed  that  somewhat 
higher  rates  could  be  achieved  by  improving  sample  preparation  techniques. 
Thus,  It  appears  that  the  Hivelite  is  an  essential  Ingredient  in  achieving 
VHBR  behavior  in  the  current  formulations. 

The  above  studies  showed  that  physical  characteristics  of  the  traveling 
charge  propellants  affect  the  burning  rates  considerably,  as  does  the  presence 
of  Hivelite.  Thus,  the  extent  to  which  the  chemistry  of  the  boron  iiydrides  Is 
responsible  for  the  increased  burning  rate  is  unclear.  Although  the  boron 
hydride  seems  to  be  essential  for  achieving  VHBR  behavior,  the  chemical 
mechanism  is  not  known,  and  several  theories  have  been  proposed  concerning  the 
roles  of  hydrogen  atoms/ ions  in  the  combustion  process.  A  simple  boron 
compound,  NaBH/(  has  been  shown  to  accelerate  nitramlne  combust  ion . ^ In  this 
work  NaBH^  has  been  studied  in  an  attempt  to  determine  if  other  boron 
materials  may  undergo  similar  reactions  and  may  also  have  potential  for 
improved  ballistic  performance.  snlts  marketed  by  Gallery  Chemical, 

have  also  been  studied  1  n  the  closer!  bomb  and  acceptable  burning  rates  were 
obtained.  These  salts  have  been  studied  in  this  work. 

it.  INTRODUCTION 

The  goal  of  this  work  Is  to  determine  which  pyrolysis  products  of  the 
nitramlnes  (RDX  and  HMX)  are  modified  by  the  presence  oi  the  hmohydrlde 
materials.  Such  pyrolysis  product  Information  will  be  used  to  determine  basic 
chemical  rear  t  I  oris/  I  nt  e»‘aot  i  oils  between  the  Hivelites  and  ni  t  t  amines  which 
could  ultimately  be  useful  in  understanding,  Hivelite  burning  rate  pionu  t  inn. 
However,  a  more  Immediate  henet  i  t  could  he  the  eor  re  1  .at  ion  of  product 
concent  rat  1  on  with  the  1  a i ge t —sea  1 e  lab  tests  such  as  the  closed  bomb. 


«) 


Pyrolysis-GC  has  previously  been  used  in  basic,  research  studies  of  combustible 
materials  and  has  been  shown  to  be  a  useful  tool  for  predicting  large  scale 
behavior  from  smaller  scale  analyses.  Pattern  recognition  techniques  are 
often  used  to  predict  experimental  properties  from  the  many  and  complex 
chromatograms  generated  in  pyrolysis  OC-FTIR  experiments.^  In  order  to 
predict  experimental  products,  two  classes  of  samples  are  usually  studied:  a 
class  exhibiting  a  specific  experimentally  tested  property  and  a  class  which 
either  does  not.  exhibit  or  exhibits  an  unacceptable  level  of  the  property. 
Often  a  desirable  and  an  undesirable  class  Is  obtained,  e.g.,  healthy  vs. 
diseased.  In  this  work,  the  measured  property  of  interest,  a  "very  high 
burning  rate"  ,  would  form  one  class  and  an.  unacceptably  high  burning  rate 
would  form  the.  other.  Products  from  each  class  of  samples  are  determined  and 
trends  or  patterns  in  the  data  are  sought.  That  is,  differences  in  the 
products  or  levels  of  products  seen  in  one  class  but  not  the  other  are 
identified  and  used  as  markers  to  predict  the  classification  of  unknown 
samples.  Such  predictions  could  facilitate  the  testing  of  future  propellant 
formulations  for  "very  high  burning  rates". 


In  order  to  obtain  mechanistic  or  classification  information  it  is 
essential  to  have  carefully  controlled,  reproducible  pyrolysis  experiments  in 
which  decomposition  products  are  generated  which  enable  mechanisms/ 
correlations  to  be  drawn.  There  has  been  much  research  in  the  area  of 
nitramvne  pyrolysis  and  reaction  mechanism  determination,  howeve|  most  papers 
report  final  product-type  compounds  such  as  the  permanent  gases.  This  is  due 
to  the  difficulty  in  stopping  or  quenching  propellant  decomposition  once  it. 
beg i ns . 


From  small  "final  product"  type  compounds  It  is  difficult  to  derive 
mechanisms  and  correlations.  However,  a  concentrator-pyrolysis  system  has 
enabled  the  generation  of  larger  molecular  weight  products  which  make 
mechanistic  and  correlation  studies  more  feasible.  Separation  and  detection 
of  these  products  is  achieved  using  gas  chromatography  and  a  flame  ionization 
detector  (KID)  detector.  The  interfacing  of  an  KTIR  detector  to  the  system 
enables  identification  of  the  RDX  and/or  borohydride  pyrolyzat.es,  many  of 
which,  to  tills  author's  knowledge,  have  not  been  previously  reported  in 
ill t  rami ne  pyrolysis.  The  system  is  described  in  detail  in  the  experiment  a I 
sec1  f  ion. 
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instrumentation  Schematic 


.’roprobe-Concentrator-GC- FTIR  Interface.  The  eight  port  valve 
products.  In  position  1  the  products  are  swept  onto  trap  A  by  the 
-  .  trap  A  is  backflushed  with  carrier  gas  and  the  volatiles  are 
raphad  and  analyzed  by  FTIR  spectroscopy. 


phase  decomposition  products  were  swept,  from  the  tube.  The  tube  is  inserted 
into  the  center  of  the  coiled  wire  of  the  probe  and  this  assembly  is  inserted 
into  the  pyrolysis  interface  of  the  CDS  330  concentrator.  The  interface 
temperature  is  also  programmable  and  the  ports  in  the  interface  allow  the  user 
to  admit,  any  pyrolysis  atmosphere  desired.  In  this  work  helium  was  used, 
although  reactive  gases  could  be  used  as  well.  The  temperature  and  flow  rate 
of  the  gas  over  the  sample  is  also  programmable.  The  careful  control  of  all 
these  pyrolysis  paramete.  s  enables  one  to  obtain  reproducible  result  not 
often  achieved  in  other  pyrolysis  systems. 

The  samples  were  pulse  heated  In  the  coil  probe  to  their  final 
temperature  and  held  for  20  seconds.  Helium  (0.14  MPa  or  20  psi)  was  used  as 
the  pyrolysis  atmosphere  as  well  as  the  OC  carrier  gas.  The  pyrolysis  gas 
sweeps  the  sample  onto  a  trap  In  the  concentrator  unit.  The  trap  may  be 
packed  with  a  porous  packing  material  or  It  may  be  empty,  in  which  case  the 
samples  are  cryogenically  trapped.  The  pyrolysis  products  are  held  on  the 
trap  for  the  duration  of  the  pyrolysis  event.  Smaller  molecular  weight  gases 
such  as  NH-j ,  HCN ,  and  NjO  eluted  through  the  trap  heated  and  are  not 
detected.  The  trap  is  then  hackf lushed  with  the  OC  carrier  gas  and 
transferred  via  a  heated  line  (l .3  m,  210°C)  to  the  Interface  at  the  head  of 
the  column  where  the  samples  are  cryofoc.used  (-30°  C)  to  ensure  high 
chromatographic  resolution.  It  should  he  noted  that  the  entire  pyrolysis/ 
concentrator  system  is  glass  lined,  so  that  metal  catalysis/interference  is 
avoided.  After  a  one  minute  delay  the  column  is  heated  from  30°C  to  200° C  at 
30  deg/mi n.  The  separations  were  achieved  using  a  Hewlett  Packard  3B40A  OC 
with  a  Quadrex  OV-17  (23tn,  0.33  mm  !!),  3.0  p  film  thickness  fused  si.Lica 
column  with  He  at  a  head  pressure  of  0.14  MPa  (20  psi).  The  components  were 
detected  with  the  standard  flame  ionl/.aflon  detector  (FID).  The  pyrolysis  avid 
chromatographic  conditions  used  in  this  study  are  listed  in  Table  1. 

Table  1  .  Pyrolysis  and  Chroma t  ograph  i  o  Conditions  Used  in 
Decompos i t ion  experiments 
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onto  the  side  of  the  FTIR  spectrometer  and  receives  the  external  beam  via  an 
automatic,  mirror  flipper  (controlled  by  the  software).  The  accessory  consists 
of  a  set  of  optics  which  focuses  the  1R  beam  into  the  heated  light  pipe 
(240°C).  The  chromatographic  effluent  continuously  passes  through  the  light 
pipe  and  spectra  of  the  separated  components  are  obtained  on-the-fly.  A 
schematic  of  the  light-pipe  is  shown  in  Figure  2.  It  consists  of  a  gold- 
coated  glass  tube  with  inf rared-transmitting  KBr  windows  at  each  end.  The  IR 
source  radiation  passes  through  the  windows  and  makes  multiple  reflections 
down  the  tube  through  which  the  gas  continuously  passes.  An  eight  wavenumber 
spectrum  is  obtained  in  slightly  less  than  a  second  so  that  about  10  scans  can 
be  signal  averaged  for  a  seven  second  peak. 

The  Digilab  software  monitors  the  total  IR  absorption  at  the  detector  as 
a  function  of  time  which  yields  an  IR  "chromatogram"  analogous  to  the  flame 
ionization  chromatogram.  Typically  fewer  peaks  are  observed  in  the  IR  because 
some  components  are  not  IR-absorbing ,  whereas  the  FID  is  fairly  universal  for 
organic  compounds.  Also,  the  infrared  is  about  2  orders  of  magnitude  less 
sensitive  than  the  FID.  However,  the  IR  offers  identification  Information  not 
obtainable,  with  the  FID.  This  Is  done  by  selectively  co-adding  points  within 
each  peak  In  the  IR  chromatogram.  Individual  points  in  an  FTIR  peak  were  co¬ 
added  so  that  about  80%  of  the  points,  centered  about  the  maximum,  were 
included.  Exceptions  to  this  procedure  occurred  if  the  peaks  were  overlapped 
or  consisted  of  more  than  one  component  as  evidenced  by  different  relative 
band  intensities  in  points  across  the  peak. 

Differential  scanning  calorimetry  results  were  obtained  using,  a  DuPont: 
Model  'HO  calorimeter  with  helium  as  a  purge  gas  with  a  flow  of  30  cc/rain. 
Samples,  nominally  2  mg,  were  run  in  open  pans.  The  heating  rate  was  20° 0/m  in 
from  30” C  to  460°C.  TCA  results  were  obtained  with  a  9S1  t he rmograv 1  me t r 1 e 
analyzer.  A  DuPont  1090  t  Dermal  analyzer  was  used  lor  data  analysis. 

B .  Ma  tuMr  i  a  1  s  : 

Samples  of  the  B|  ,H|  .  salts  /etc  obtained  from  Oallery  Chemical 
Company.  Military  grade  KDX  and  I  i  MX  were  re  c  t  y  s  t  a  I  11  zed  from  acetone.  NaBlh( 
was  obtained  t  nil#  Vent  ton,  A I  1  a  Division,  Samples  wore  pyrolyz.ed  with  an 
interlace  he a  t  e t  se  t  t  1 ng  ■  a  t  3 DO" C . 
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Thus,  compounds  with  low  HQ I*  3  are  probably  similar  in  structure  to  the 
recorded  spectrum  or  contain  similar  functional  groups. 

Another  identification  tool,  PAIRS,'  is  available  for  vapor  phase  (as 
well  as  condensed  phase)  functional  group  identification.  In  this  program  the 
user  is  prompted  with  questions  about  the  unknown  spectrum  Inquiring  about 
sample  form,  peak  intensities,  shape  and  position,  and  a  search  on  the.  many 
functional  groups  represented  in  the  program  is  run.  The  output  consists  of  a 
pre-selected  number  of  best  match  functional  groups  with  a  corresponding  hit 
list.  Although  the  functional  groups  represented  are  extensive,  several  of 
the  materials  generated  In  this  work  are  probably  complex  urea-amide  type 
functions  which  did  not  produce  many  good  matches. 


Finally,  It  should  be  noted  that  vapor  phase  spectra  often  appear  quite 
different  from  conventional  condensed  phase  spectra  and  this  makes  exact 
identification  difficult.  This  is  especially  true  for  groups  which  can 
hydrogen  bond,  since  such  weak  forces  are  not  so  important  in  the  gas  phase. 
Bands  due  to  hvdrogen-honded  groups  can  shift  significantly  (shifts  up  to 
3Q-5Q  wavenumbers  are  quite  common  and  up  to  80  wavenumbers  have  been  observed 
in  some  carbonyls).  In  general,  peak  shape  and  relative  intensity  can  vary 
appreciably  as  well.  However,  a  compilation  of  some  general  trends  concerning 
various  IR  functional  group,  positions  is  available  which  is  useful  in 
identifying  many  compounds.^ 


Individual  components  were  pyrolyzed  at  two  temperatures.  RDX  and  HMX 
were  pyrolyzed  at  coll  "set"  temperatures  of  280  and  320°C  respectively, 
although  the  samples  were  actually  slightly  above  their  melting  points  (about 
20b°C  for  RDX  and  280°C  for  HMX).  The  borohydride  compounds  were  pyrolyzed  at 
both  these  temperatures,  however  no  significant  difference  was  evident  in  the 
products  obtained  regardless  of  which  was  used.  Nitramine/borohydride 
mixtures  containing  HMX  or  RDX  were  pyrolyzed  at  320  and  280” C, 
respectively.  Triazine  was  decomposed  as  a  reference  spectrum,  at  both  lower 
temperatures  and  at  800° C. 


I).  Results: 


Two- component  mixtures  of  each  nltramine  with  each  boron  compound  were 
prepared.  Every  individual  component  and  mixture  was  also  pyrolyzed  at 
800° C.  Typical  FID  chromatograms  and  IR  spectrograms  of  RDX  and  HMX  are  shown 
in  Figure  3.  At  the  low  temperatures  fewer  peaks  are  seen  in  both  the  FID 
chromatograms  and  IR  chromatograms  than  at  800° C.  infrared  spectra  oi 
components  seen  with  both  RDX  and  HMX  in  low  temperature  decomposition  are 
shown  in  Figure  4,  while  a  single  component  unique  to  HMX  Is  shown  In 
Figure  5  . 


The  compounds  observed  In  tile  RDX  decomposition  include  one  wit!)  a 
C-nilroso  1  unct  lonal  i  t.y  (a),  formic  acid  (b),  and  a  eoniugated  ON  compound 
( o)  .  The  latter  Is  also  seen  In  the  decomposition  oi  triazine  (CjN^H^),  whiah 
Is  an  analog  of  benzene  In  which  alternate  carbon  atoms  are  replaced  by 
nitrogen.  In  addition,  formamlcte  (d)  and  probably  some  sort  ot  ketone  ( e) 
were  also  observed.  (  See  Figure  f>  for  structures.)  Formic  acid  and  form  amide 
were  Ident  it  led  by  comparison  to  reference  vapor  spectra .  In  general  ,  the 
C-nitroso  tunc f  Iona! 1 ty  has  a  rather  hist  1  arrive  pattern  with  bauds  In  the 
1  b  2  0-1  340  cm  *  region  due  to  the  i'.-N  (>  vibration  and  a  strong  1  1 00-  IS  »D  cm”  * 
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peak  due  to  the  C-N=0  with  smaller  bands  near  1300  and  1420  cm”  .  The 
presence  of  all  these  hands  strongly  supports  this  assignment. 


Product  "c"  was  found  not  only  in  nitr amine  decomposition,  but  with 
triazine  as  well.  A  conjugated  ON  band  would  yield  the  two  prominent  hands 
seen  in  "c"  and  the  fact  that  this  is  found  in  the  decomposition  of  triazine 
suggests  this.  Speculations  that  this  might  be.  a  nitro  compound  are 
dismissed,  since  no  oxygen  is  available  in  the  system  when  triazine  is 
decomposed.  Spectral  searching  of  "e"  indicates  a  ketone  functionality,  as  do 
comparisons  with  ketone  vapor  refence  spectra,  but  there  are  not  enough  bands 
to  permit  any  further  identification.  The  similarity  of  this  spectrum  to  that 
of  1  cyclopenta-3-one  is  striking,  and  suggests  that  the.  ketone  may  be  cyclic. 

Formami.de  and  the  conjugated  C=N  (c)  are  consistently  observed  in  both 
low  and  high  temperature  RDX/HMX.  decomposition  while  the  C-nitroso,  formic, 
acid  and  possible  ketone  compounds  are  usually  seer,  in  lower  levels,  if  at 
all,  in  the  higher  temperature  decomposition.  Two  other  products  are  seen 
only  in  high  temperature  RDX  decomposition  (Figure  7).  The  first  (a)  is 
tentatively  identified  as  an  amide  whereas  the  second  (b)  gave  an  excellent 
spectral  match  with  N,N-dimet;hyl£ormamide .  A  list  of  the  decomposition 
products  and  their  corresponding  retention  times  and  major  infrared  bands  is 
given  in  Table  2, 

Table  2 .  Gas  Chromatographic  Retention  Times  and  Infrared  Vapor 
Phase.  Frequencies  for  the  Compounds  Found  in  Pyrolysis- 

GC  FTIR  Studies 
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IV. 


RDX  AND  MMX  MIXES  WITH  BOROHYDRI DE  SAITS 


In  order  to  determine  the  effect  of  boron  hydrides  on  HMX  and  RDX 
decomposit  ion,  mixtures  of  each  nitramine  wi  th  each  hornhydri.de  wen* 
prepared.  These  samples  were  approximately  50  r  50  by  veighi  mixtures  >f  the 
nitramine  and  boron  materials  and  the  samples  were  run  at  both  the  lower 
(280°C  for  RDX  and  320° C  for  HMX)  and  higher  (800° C)  temperatures.  Each  boron 
compound  was  run  alone  at  each  temperature  to  determine  its  decomposition 
products  r 

Both  temperatures  were  studied  to  determine  if  either  might  correlate 
with  trends  observed  In  the  closed  bomb  data.  The  lower  temperature  is  of 
interest  because  it  is  the  regime  in  which  the  nitramines  begin  to  decompose. 

A  significant  amount  of  energy  thus  becomes  available  to  trigger  further 
reaction,  with  a  corresponding  increase  in  pressure.  Minor  changes  ir< 
temperature/pressure  around  the  melting  point  can  result  in  significant 
differences  in  the  products  obtained.  The  lower  temperature  reaction  is  most 
probably  Indicative  of  what  occurs  very  early  In  decompoation.  It  was  of 
interest  to  determine  if  these  very  early  events  might  influence  and  be 
related  to  the  results  obtained  in  the  closed  bomb  studies. 

When  decomposed  in  He  at  800° C  the  tetramethylammonium  ( TMA)  salt  yields 
the  product  spectrum  shown  in  Figure  7a;  NaBH^  and  the  potassium  salt  gave  no 
Infrared-active  products  under  the  same  conditions.  None  of  the  salts  alone 
yielded  decomposition  products  at  the  lower  temperatures.  The  boron/nitramine 
mixtures  revealed  several  decomposition  products  not  seen  with  either  the 
borohydrides  or  nitramines  alone.  The  effects  were  the  same  regardless  of 
which  boron  salt  was  used.  These  are  shown  in  Figure  8b-d  and  include 
N-nitrosodimethylamine  (b),  N--methylfo tmamide  (c)  and,  most  likely,  another 
amide  (d)  (see  Figure  6  for  structures  and  Table  2  for  the  retention  times  and 
major  infrared  bands.).  The  N-nitrosodiioethylamlne  and  N-methylforraamide  were 
identified  by  comparison  to  the  EPA  vapor  phase  library  spectra.  The  best 
spectral  fit  for  the  compound  shown  in  8c  was  acetamide.  However,  the  HQI  in 
this  case  was  not  especially  low  (0.4).  A  visual  comparison  of  the  unknown 
and  reference  spectra  Indicated  that,  although  the  main  bands  were  present, 
significant  variation  in  the  weaker  bands  suggest  that  a  different  amide  is 
more  likely.  The  fact:  that  these  products  are  observed  with  the 
nitramine/borohydride  mixtures  but  not  with  either  component  alone  Is 
significant,  and  shows  that:  the  decomposition  of  RDX  and  HMX  is  modified  by 
the  boron  compounds.  The  N— nitrosodimethylamlne  is  especially  prominent  in 
the  decomposition  products  and  is  always  present  at  a  relatively  high  level. 

Another  significant  effect  of  the  boron  is  that  the  products  shown  in 
Figures  7a  and  7b  (an  unknown  amide  and  N ,N~d imet by l formamlde)  are  seen  only 
In  high  temperature  H MX/ RDX  decomposition.  However,  with  the  boron  materials 
present  these  are  seen  at  both  1 ow  and  high  temperatures.  This  suggests  that 
the  boron  salts'  catalyzed  the  decomposition  of  the  nitramines.  Also,  even  in 
the  low  temperature  decomposition  of  the  boron  mixtures,  products  shown  In  4a, 
41),  and  4e  (  R--0-N  <  ,  formic  ai  i  a  and  the  unknown  ketone)  are  at  reduced 
levels,  more  similar  to  high  temperature  RDX /HMX  decomposition.  This  also 
suggests  catalysis  by  the  boroi  compounds.  It  i  sc  also  noted  that,  even  in  low 
temperature  decomposition  of  the  mixtures,  the  compound  (Figure  8a)  seen  In 
high  temperature  decomposition  of  the  tetramethylammonium  salt  is  observed. 
This  is  true  in  mixtures  in  whlelt  the  potassium  salt,  or  Is  the  boron 


source  as  veil.  Thus,  the  nit famine  and  boron  salts  appear  to  act 
synergist! rally  to  produce  this  compound.  Also,  the  three  boron  materials 
tested  seem  to  affect  RDX  decomposition  in  a  manner  such  that  even  at  low 
temperatures  the  products  are  more  similar  to  those  seen  in  high  temperature 
decomposition.  In  addition,  new  decomposition  products  are  observed. 

The  effect  of  boron  on  RDX/UMX  decomposition  is  apparent  in  the  above 
cases  in  which  the  boron  compound  and  nitramine  are  present  in  equal 
quantities.  However,  in  propellant  formulations  being  tested  in  the  closed 
bomb  the  quantity  of  the  boron  material  is  much  lower,  about  10-15%  by 
weight.  Thus ,  it  was  desirable  to  run  some  actual  propellant  formulations  to 
determine  if  the  lower  levels  of  boron  exert  similar  effects.  The  propellant 
formulations  also  contain  a  binder,  in  this  case  Kraton,  which  could  also 
affect  the  RDX/boron  react  ion/ interact  ions .  Two  propellants  consisting  of 
RDX,  Kraton  and  the  tetramethylammonium  salt  of  the  B^qH^q  anion  (Table  3) 
were  run  at  280° C  and  800° C.  These  propellant  formulations  were  selected 
because  closed  bomb  studies  had  been  previously  performed  on  them. 


Table  3.  Formulations  of  the  Propellants  Studied  by  Pyrolvsis- 
GC-FTIR,  Chosen  Because  Previous  Studies  Were  Performed 
On  These  Using  a  Closed  Bomb^1"1 


Sample 

ID 

Fuel 

Percent 

Fuel 

Oxidizer 

Percent 

Oxidizer 

Binde  r 

Percent 

Binder 

Theoretical 

Maximum 

Density 

TC-0 1 4 

H466 

1 2  .0 

RDX 

7  3  .0 

K  rat:  on 

i  5  .0 

95 

TC-016 

H466 

1  2  .0 

RDX 

83  .0 

Kraton 

5  .0 

9  5 

The 

Infrared 

chromatograms  for 

the  low  temperature 

decompos 

it: ions  are 

shown  i  n  Figure  9  (  a  and  b)  ;  c  is  che  chromatogram  of  the  tetr  amet.hyl  ammonium 
B  j  o  H i o  salt/ RDX  mixture  for  comparison.  Quantitative  differences  are 
apparent,  due  to  differences  in  the  formulations.  Klution  times  in  the  two 
prope  11  an t /mater ia  1  s  ar^*  slightly  different  due  to  the  strong  water  peak 
(water  adsorbed  onto  the  propellant)  which  modi  lies  column-solute 
Interactions.  Also,  peak  it  1  co-el  utt's  with  water  in  t.  he  TCOlb  propellant  and 
elutes  near  7.8  in  the  RDX/ horohyd r i de .  The  water  peak  is  missing  in  the 
RDX/borohydr ide  since  pure  compounds  were  used. 

The  work  shows  that  quantitative  differences  can  be  seen  between 
propellants  with  similar  formulations  with  this  leciinique.  The  products  In 
earh.  rase  are  qualitatively  identical  (with  the  exception  of  water)  to  those 
seen  in  the  I  wo- componen t  mixes.  That  is,  even  at  low  temperatures,  the  high 
temperature  N  ,  N  d i me f hy 1  t o rmam i de  is  generated,  is  was  seen  in  boron/UDX  mixes 
(  Figure  H )  .  Also,  at  low  temperatures  the  products  typically  s-eit  in  RDX 
decompos  i  t  ton  alone  arc  not  observed  in  t  he  t  or  mu  I  tied  prope  !  I  an!  s ;  litis 
cited  was  also  seen  in  RDX/boroh /dr ide  hand  mixtures  (  Figure  8).  Table  7 
s  uiiimt  t  i  .■  e  s  the  d-’coiiipus  i  t  ion  products  found  tor  each  sample  described  thus  far 
in  t  h  i  • .  i  e  p.  1 1  t  .  Tiie  compounds  unique  to  I  tic  bur  on  /  K  DX  mixes,  p.u  t  Ini!  ,n  1  v 
M  rtf  I  rosed  iniefhs'  I  ami  ne  are  a  i  so  general  e.l  in  the  pi  ope  1  I  anr  lot  mu  lit  ions. 
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Table  4 •  Summary  of  Compounds  Found  in  Each  Sample  Pyrolyzed  and 
Analyzed  by  Capillary  GC-FTIR 


J  K 


RDX280 

RDX800 

K/RDX280 

K/RDX800 

M/RDX280 

M/RDX800 

NaBH/ RDX280 
NaBH/ROX800 

HMX320 

HMX80C 

K/HMX320 

K/HMX800 

M/ HMX320 
M/HMX800 

TCI  4(280) 

TCI  4(801,') 

TCI  6(280) 

TCI  6 (800) 

Trf  ,i/  ine 


! 1.  Icr 


('<  >mp<>>  lOil 

t N  ( )  (  C-  Nit  i  i  >.■;<)) 
Formic  Acid 
K  t:  \ 

Fo ['mam  1 1 i  i • 

K t ■ t  i )nc 
An  i tie 

N  ,  N-  I)  i  me  !  Ii y  !  i  1 1 1  mam  1  tie 
N  -'Nit  t  oki ni  i  me i  h  v  I  v.n  l  ne 
N  Me  1  1 1 v  1  1  in  mam  i  tie 
!’<>•);:  1  It  I  e  Am  i.le 
Possible  Amide 


V.  i'YIdW 


S  Plb'Oi’i  I  ANA!  Y  S  1  S  HY  r  \  ,T  t- !'  CMi.UMN  Citld'MA  i'lHtRAI'IIV 


ild  elide 


■ii.,  i  be  inn  mi  it  v  ,1  (!;,.•  i.pecies  i  so  !  at  e<J  wet  .  ■  >i,i  pot  <  <  w 
at  and)  ‘  i  •  a  f  f.  em  pe  1  a  f  t  [  [  e  *;  „  !  istie  i'eililenf  e  -  |<ri  iueiil  :i  we  ' 


performed  in  order  to  study  smaller  molecular  weight  (e.g.,  permanent  gas) 
products  of  boron-modified  nitramine  decomposition.  In  this  case  samples  were 
pyrolyzed  directly  into  a  heated  GC  interface  and  the  samples  retained  at  the 
head  of  the  packed  column  by  cryogenic  cooling. 

Unlike  the  concentrator-capillary  experiments,  no  trap  was  used  to 
collect  samples  during  pyrolysis  and  the  pyrolysis  atmosphere  (He)  and  flow 
rate  was  necessarily  the  same  as  that  used  by  the  GC  •  A  Porapak  column  was 
used  for  the  separation.  Compounds  larger  than  three  to  five  carbon-atoms  are 
sterically  hindered  and  cannot  pass  readily.  The  initial  temperature  of  the 
GC  was  subambient  (-50° C)  to  facilitate  separation  of  early  or  closely  eluting 
species  (HCN  and  HjO)  .  Some  species  still  do  not  separate  well  including 
CO/NO  and  COo/^O.  However,  these  components  can  be  spectrally  resolved  since 
their  absorptions  do  not  overlap  and  therefore  both  qualitative  and 
quantitative  measurements  can  be  made.  As  in  the  previous  experiments,  the 
nitramines  and  boron  compounds  were  run  individually  first  and  then  mixtures 
of  each  boron  and  nitramine  were  run.  All  samples  were  analyzed  in  duplicate 
and  many  were  run  In  triplicate.  The  temperatures  were  the  same  as  above, 
that  is,  280°  C  for  sampLes  with  Rj)X ,  320°C  for  HMX  and  800°C  for  all  samples. 

The  gases  found  In  each  sample  with  nitramine  present  Include  CO^ ,  N?(), 
HCN,  and  Ho0  as  t  he  major  species  as  wel  L  as  CO,  NO,  CH/4  ,  NHq ,  formaldehyde 
and  a  few  products  also  observed  in  the  capillary  column  concentrator 
studies.  The  gases  generated  from  each  sample  arc  summarized  in  Table  T.  The 
low  temperature  decomposition  of  RDX  produced  more  N.,0  than  CO.; ;  formaldehyde, 
HoO  and  HCN  are  also  formed,  however  little  CO,  NO,  CIO  ,  or  NIP)  was 
detected.  A  few  components  seen  in  the  concent,  rator  studies  were  observed, 
namely  i  he  0-nitroso  species  (  Figure  4a),  the  suspected  ketone  (4e)  and  the 
C--N  species  (4c).  The  tact  that  no  other  products  art*  seen  is  not  surprising 
since  the  chromatographic  column  may  exclude  them.  TVo  unidentified  aperies 
are  also  observed  (Figure  10).  Che  product  whose  spectrum  is  shown  In  Figure 
10b  often  coelutes  with  the  C~n I l ft  iso  species  hut  was  not  observed  in  t ho 
cmn'cii  t  fat  a  r  s  t.  ud  l  t*s  . 
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BOO”  C  tin*  product  prut  lit*  is  signit  leant  ly  dlttere 
at  inn  Is  slgntt  leant  iy  lower  am!  the  Co.,  is  higher  compared  to  those 
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ee  I  ed  at  KOO"C.  On  the  a!  lift  hand,  lot  me  I  drbvdc  and  tin*  ketone  seen 
iiwta  temperature  art*  not  present  at  the  higher  I  oinp*  •  r  a  l  u  t  e  ,  ami  tin* 
i  *  species  Is  present  only  ,  i !  a  >*e  I  v  lew  level.  Th  i  s  I  s  consistent 
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Table  5.  Summary  of  Compounds  Found  In  Each  Sample  Tyrol yzed  and 
Analyzed  by  Packed  Column  GC-FTIR 


CO 

NO 

CO.-, 

n2° 

ch4 

'  F  . 

H?0 

HCN 

KRDX 

nh3 

RDX280 

w 

w 

* 

+ 

* 

k 

k 

k 

RDX800 

* 

* 

+ 

•* 

k 

k 

k 

K/RDX280 

w 

w 

+ 

* 

* 

k 

k 

W 

K/RDX800 

w 

w 

+ 

A 

k 

k 

k 

W 

M/RPX280 

w 

w 

4 

* 

k 

k 

w 

M/RDX800 

* 

w 

* 

k 

k 

w 

NaBH/ RDX280 

w 

★ 

4 

k 

k 

k 

k 

w 

NaBH/RDXBOO 

* 

* 

4 

k 

k 

k 

k 

w 

HMX320 

★ 

* 

* 

+ 

k 

k 

* 

w 

HMX800 

* 

* 

4 

* 

k 

k 

w 

K/HMX320 

* 

* 

4 

k 

k 

k 

k 

w 

K/HMX800 

* 

* 

4 

k 

k 

k 

k 

w 

M/HMX320 

* 

* 

4 

k 

k 

k 

k 

w 

M/HMX800 

k 

* 

4 

k 

k 

k 

w 

t  -  Formic  acid 

*  -  Component  present  In  decomposition  products 

+  -  Component  present  In  especially  large  quantity 

i*  -  Infrared  spectral  bands  due  to  these  components  were  weak 

at  low  temperatures,  but  little  or  none  of  the  C-nltroso  species  was  present 
at  high  temperatures .  Thus,  as  was  observed  In  RDX,  the  biggest  difference 
between  low  and  high  temperature  HMX  decomposition  Is  that  the  ratio  of  M>0  to 
CO,,  is  greater  at  the  lower  temperatures. 

When  mixed  with  the  boron  compounds,  the  biggest  change  In  the  K I )X 
de  compos  1  t  I  on  was  the  presence  of  greater  quantities  of  CO,,  relative  to  NjO, 
so  that  even  at  low  temperatures  the  mixture  behaves  more  like  those  at  high 
temperatures.  Also,  the  C-niiroso  and  probable  ketone  compound  were  at 
reduced  levels  ( it  present  at  all)  compared  to  the  level  to:  low  temperature 
TI)X  .  This  is  In  agreement  with  results  obtained  with  the.  concentrator/ 
e.apl  1  1  .icy  system  in  which  the  boron  material  seems  to  exert  the  same  effect  on 
RDX  decomposition  product  s  as  Increasing  the  temperature  or  pressure. 

VI.  THERM  A  I,  ANALYSIS  KKStH.TS 

'i  'he  n  1 1  mm  i  ires  ,  boron  salts-  and  n  I  t  ram  i  ne/  Huron  mixtures  were  1 1  so  run  bv 

"SC  I,,  odor  to  determine  any  e!  left  ot  r  be  boron  on  the  t  emper  at  ore  prof  He 

-  r  be  ui  t  families.  The  DSC  of  RDX  alone  is  shown  in  Figure  I  I  in  which  t  tu¬ 
rn  ll  j  -ii,  endef  be  i  m  at  '.'07 C  is  observed  ,  tail  !  owed  I  mined  f  at  el  v  by  a  st  rone,  , 


broad  decomposition  exotherm  at  254°C.  The  results  with  50:50  RDX : boron 
mixtures  are  seen  in  lib  (potassium  salt),  11c  ( tetramethylammonium  salt)  and 
lid  (sodium  borohydride). 

Two  major  differences  are  immediately  apparent.  The  first  is  the  shape 
of  the  exotherm  for  the  mixtures  which  is  much  sharper  in  time  compared  to  RHK 
alone,  so  sharp  in  fact,  that  there  is  a  alight  drop  in  temperature  after  the 
initial  energy  release.  This  occurs  even  though  the  instrument  attempts  to 
maintain  its  temperature  program.  This  could  happen  if,  after  the  initial 
sharp  exotherm  (heat  release),  the  feedback  control  prevents  further  DSC 
heating.  However,  the  release  is  quick  and  there  is  probably  a  delay  before 
the  heating  mechanism  takes  over. 

The  second  difference  Is  the  temperature  of  maximum  decomposition  which 
is  224°C  for  the  potassium  salt  mixture,  218°0  for  the  sodium  borohydride  and 
203“ C  for  the  tetramethylammonium  salt  (about  30-50° C  lower  than  for  RDX 
alone)  .  The  height  of  the  exotherms  are  always  greater  for  borohydride- 
containing  samples  of  comparable  weight  (that  is,  total  weight,  and  with  a 
50:50  mixture,  that  corresponds  to  half  the  amount  of  RDX).  Typically,  peak 
areas  which  are  proportional  to  the  energy  released  (or  absorbed)  are 
calculated.  However,  the  unusual  shape  of  the  RDX/boron  mixture  traces 
prevents  such  data  analysis.  Although  results  for  50:50  mixtures  are  shown 
here,  additional  experiments  showed  that  15-20%  by  weight  of  the  salts  are 
sufficient  to  obtain  DSC  results  similar  to  those  shown  in  Figure  11. 

The  results  for  the  dodecahydrododecaborane  salts  alone  are  shown  in 
Figure  12.  The  broad  endo therm  between  60  and  120“C  in  the  case  of  the 
potassium  salt  (12a)  Is  a  result  of  decomposition  as  evidenced  both  by  its 
weight  loss  (see  Figure  13  below)  and  by  a  slight  brownish  tint  which  the 
sample  acquires  when  heated.  This  endotherm  Is  not  obvious  in  the 
RDX/potassium  salt  mixture  due  to  the  scale  needed  to  display  the  strong 
exotherm  (Figure  lib);  it  is  apparent  however,  if  the  ordinate  axis  is 
expanded.  The  te* ^ ame t by  1  ammonium  salt  (12b)  alone  is  virtually  unreacted 
near  the  tei  oerature  at  which  the  RDX  mixtures  decompose. 

Two  different  dodecahydrododecaborane  salts  (with  inorganic  and  organic 
cations)  produced  similar  effects  in  both  pyrolysis  experiments  and  DSC 
temperature  profile,  as  did  a  much  simpler  salt,  sodium  borohydride.  It  was 
desirable  to  determine  If  elemental  boron  may  produce  similar  effects.  The 
results  foi  a  50:50  mixture  of  RDX./elemental  boron  is  shown  in  Figure  14.  The 
t  race  Is  almost  identical  to  that  of  RDX  alone,  with  the  exception  of  a 
shoulder  on  the  high  temperature  side  of  (.he  peak  not  usually  seen  in  RDX 
alone .  Thus,  it  appears  that  elemental  boron  is  not  sufficient  to  modify  the 
decomposition  of  RDX  in  the  DSC. 

S!nce  elemental  boron  did  not  exhibit  any  apparent  modifying  effect 
slmllat  to  the  boron  hydride,  partially  decomposed  samples  of  the 
t et  ramef  hv l nmmnui um  salt  were  analyzed  In  mixtures  with  RDX  hy  DSC.  The  first 
sample  (  Figure  14)  cons  1  stud  of  RDX  mixed  with  the  t  e  t  rarac  t  h  y  1  .viunon  i  um  salt, 
which  had  been  previous! y  decomposed  at  460" C .  This  result  Is  Identical  to 
the  undecomposed  salt,  both  In  terms  of  curve  shape  and  shi'i  in  temperature 
at  which  f  lie  l-’DX  exotherm  occurs .  However,  in  Figure  1 4  is  shown  the  result 
lor  a  ml x  t  ore  at  RDX  and  ; he  760  C- pret  rented  TWA  salt.  Not  surprisingly,  at 
this  temper  at  ure  the  bar  on  salt  exhibits  on  1  y  a  little  ol  1 1  a  previous 


31 


H*«-t  Flo*!  Heat  Flaw  C»W 


Figure  12.  DSC  Resit!  ts  for  the  Potassium  Itodecahydrododoeahorant*  ( 
a  ml  Tt-tramet'hyi  ammont  nm  lecahydvododoc:  alio  rano  ( h)  Sal  t  s  . 

The  potassium  self  is  partially  decomposed  .< 1  the  temperature  at  »jh 
RJ.sX  normally  undergoes  a  derompor  i.  r  Inn  oxot  he  rm  whureas  tin1 
t  etraiae  thy  lamt'.iottium  salt  is  intact.. 
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activity.  The  exothermic  curve  is  quite  broad  relative  to  the  narrow 
endotherm  seen  with  the  undecomposed  salt.  However,  in  the  mixture,  the  RDX 
exotherm  begins  at  a  lower  temperature  than  with  RDX  alone;  also,  the  melt 
endotherm  is  shifted  to  lower  temperatures. 

In  Figure  13  are  shown  the  thermogravimetric  analyses  between  40  to  480° C 
for  the  two  boron  salts  used.  The  potassium  salt  loses  about  7%  of  its 

weight  by  llCrC  and  about  9.8  by  360° C.  Hydrogen  comprises  about  5.5%  of  the 
total  weight  of  the  compound  and  each  boron  contributes  about  4.9%.  Assuming 
that  the  potassium  remains  in  the  residue  and  allowing  for  a  conservative 
estimate  of  experimental  error,  at  most  an  average  of  two  boron  atoms  per 
molecule  could  be  evolved  by  120°C.  More  likely,  a  significant  percentage  of 
the  material  lost  in  this  temperature  region  is  hydrogen;  if  all  hydrogens 
were  lost  from  the  material,  the  weight  loss  would  be  5.5%;  the  simplest  means 
for  accounting  for  the  7.1%  weight  loss  is  that  one  boron  and  10  hydrogen 
atoms  per  molecule  are  evolved.  Of  course,  this  assumes  that  all  molecules 
undergo  the  same  reaction  in  this  temperature  regime,  which  may  not  true.  In 
any  case,  it  seems  likely  that  most  of  the  boron  and  significant  quantities  of 
potassium  are  not  lost  in  this  early  process.  Even  with  the  probable  loss  of 
a  significant  portion  of  the  hydrogen,  the  remaining  hydride  salt  material  is 
sufficient  to  exert  the  modifying  effect  on  the  RDX  decomposition.  It  should 
be  noted  that  this  initial  weight  loss  is  suspiciously  close  to  the  region 
expected  for  loss  of  any  water  present  in  the  sample;  however,  water  loss  was 
minimized  by  using  dried  samples.  Also,  the  sample  becomes  light  brown  in 
color  in  this  temperature  range,  verifying  that  decomposition  has  occurred. 

The  case  for  the  tetramethylammonium  salt  is  shown  in  Figure  13b.  In 
this  case,  only  a  minimal  amount  of  material  is  lost  at  the  temperature  at 
which  RDX  decomposes.  However,  significant  decomposition  (18.5%  weight  loss) 
occurs  by  360°C.  As  discussed  above,  even  with  almost  20%  of  the  total  weight 
of  the  compound  evolved,  the  salt  still  retains  its  modifying  effect  on  RDX. 
However,  this  may  not  be  too  surprising  since  the  weight  loss  may  be  mainly 
due  to  the  tetramethyl  functional  groups.  It  should  also  be  noted  that  the 
DSC  sample  pans  are  open  (i.e.,  no  lids)  and  that  the  argon  purge  flow  through 
the  chamber  is  30  cc/rain.  At  this  flow  there  Is  little  chance  for  evolved  hot 
gases  to  collect  above  the  sample  and  affect  further  reactions.  Titus,  the 
effects  seen  in  this  work  are  probably  largely  due  to  solid/liquid  phase 
interact  Lons . 


VII.  DISCUSS  TON 

The  scope  of  this  work  is  not  primarily  to  determine  mechanisms  of 
nltramine  decomposition,  however,  a  brief  discussion  of  the  possibilities 
seems  appropriate,  especially  in  light  of  the  types  of  products  observed.  To 
my  knowledge,  some  of  the  products  trapped  In  this  work  have  not  been 
previously  seen  in  RDX  decomposition,  particularly  several  of  the  high 
temperature  and/or  boron  catalyzed  products  such  as  N  ,N--d lmo  thy  1  f ortnaml  de  , 

N-n  !  t  rosod  imethy  lami  ne  and  N-me  t  by  1  f  o  rinam  Ide  .  Also,  the  discovery  of  the 
C-ni t  rose  and  N— nltroso  compounds  this  large  are  significant,  because 
currently  the  only  N~ nltroso  compounds  to  be  seen  have  been  In  the  so!  Id  m 
liquid  decomposition  products.  Judging  from  the  array  ol  products  observed 
(In  tills  work  and  other  work  as  we!  I),  it  Is  quite  likely  that  more  than  one 


mechanism  is  involved  and  one  can  at  best  only  speculate  about  what  the 
possibilities  might  be.  Some  of  the  observations  can  be  explained  as  follows: 


1.  It  was  seen  in  the  packed  column  studies  that  Increasing  the  NO2/CO2 
ratio  is  greater  at  lower  temperatures  and  decreases  with  temperature.  In 
preliminary  experiments  it  was  also  observed  that  NO2  was  released  at 
temperatures  below  that  at  which  other  decomposition  products  elute, 
suggesting  that  at  low  temperatures  at  least,  N--NO2  or  HONO  cleavage  may  be  an 
initial  step.  This  has  been  suggested  by  other  workers  who  favor  N-NO2 
cleavage  to  C-N  (at  low  temperatures)  and  propose  that  higher  temperatures  may 
be  required  to  achieve,  the  energy  necessary  to  break  the  C-N  bond.^ 


2.  Formamide  is  found  in  every  sample  decomposition  involving  the 
nitramines  and  could  possibly  be  due  to  the  reaction  of  ^0  and  HCN.  However, 
the  observation  that  two  other  amides,  namely  methylf orraamide  and  dimet.hyl- 
formamide,  as  well  as  two  other  compounds  (quite  probably  amides)  are  present 
suggests  some  cleavage  of  C-N  bonds  in  the  ring.  In  order  to  form  in  a  manner 
analogous  to  the  way  formamide  may  form  (that  is,  condensation  of  water  and 
HCN),  alcohols  such  as  methanol  and  ethanol  would  be  required  (instead  of 
water)  and,  in  high  concentrations,  these  are  not  feasible  reaction  products 
of  HMX/RDX.  Alternative  cleavages  of  the  C-N  bonds  other  than  what  has 
previously  been  proposed  by  others,  analogous  to  the  depolymerization  of 
trioxane  to  formaldehyde  may  also  be  possible. In  the  trioxane  analogy 
the  C-N  bonds  of  RDX  are  cleaved  symmetrically  to  yield  three  molecules  of 
N-nltro  forminine  compounds.  However,  if  other  cleavages  of  the  type  shown 
below  are  possible  then  the  formation  of  the  observed  amides  might  be  as 
follows  (A) : 
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The  carbonyl  in  the  ring  may  seem  rather  unlikely.  However,  ketones  and 
amides  are  major  products  of  all  the  samples  in  this  work  and  indicate  that 
early  carbonyl  formation  is  quite  probable.  Also,  one  of  the  products  found 
in  many  samples  had  an  infrared  spectrum  quite  similar  to  the  cyclic  ketone, 
l-cyclopentene~3one ,  indicating  that  ring  carbonyl  formation  may  occur. 
Although  such  a  5  member  ring  is  not  likely  to  be  formed,  similar  band  shifts 
from  the  6-membered  ring  might  occur  with  RDX  decomposition  due  to  nitrogen  in 
the  ring. 

The  N~dimethylnitrosamine  might  be  formed  as  follows  (B): 


Of  course  these  pathways  are  probably  not  the  preferred  reactions  (If  they 
occur  at  all) ,  but  they  do  represent  the  most  direct  way  of  accounting  for  the 
observed  products.  It  should  also  be  noted  that  these  products  are  observed 
only  at  the  higher  temperatures  used  (N,N-dimethylformamide)  or  in  the 
presence  of  boron  ( N-dimethylnitrosamine  and  N-methylforinaraide) ,  where 
presumably  the  energy  content  on  the  system  might  be  high  enough  to  make  such 
reactions  somewhat  feasible. 


One  scheme  proposed  by  other  workers  In  our  laboratory  was  based  on  the 
discovery  of  MRDX  in  the  solid  phase  and  also  on  mass  spectrometri c  evidence 
reads  as  follows  (14): 
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However,  no  exact  identification  of  N-nitroformimine  was  seen  in  this  work. 

In  the  above  reference  it.  was  suggested  that  in  Figure  4C,  the  probable  cyclic 
ON  might  possibly  be  N-nitroformimine .  However,  this  compound  was  also 
observed  in  triazine  (which  had  been  dried  under  vacuum)  pyrolysis  in  helium 
and  therefore  can  not  be  N-nitroformimine  (or  any  nitro  compound),  since 
oxygen  is  not  available  in  this  decomposition  reaction.  It  may  be  that  the 
formimine  is  produced,  but  not  yet  identified.  Other  products  were  seen  which 
would  support  this  mechanism  include  HCN,  NOa  and  formaldehyde,  the  latter 
being  more  significant  since  HCN  and  NO  can  Be  generated  by  many  other 
pathways . 

It  may  be  that,  any  or  none  of  the  above  reactions  are  important  pathways 
in  HMX/RDX  decomposition,  however,  it  is  apparent  that  the  reactions  are  quite 
different  depending  on  the  temperature  and  the  presence  of  bcron.  To 
summarize  the  most  significant  differences: 

1 .  Packed  column  results  Indicated  that  at  lower  temperatures  the 
N2O/CO9  ratio  is  significantly  greater  than  at  higher  temperatures. 

2.  Less  CO  and  NO  as  well  as  CH^  is  observed  at  the  lower  temperatures 
in  RDX;  this  effect  was  not  as  apparent  in  HMX.  However,  the  temperature  used 
for  HMX  may  have  been  further  along  on  its  decomposition  exotherm  than  was  the 
low  temperature  used  in  the  RDX  studies.  This  is  supported  by  the  greater 
number  of  compounds  detected. 

3.  In  capillary  column/concentrator  studies,  the  C-nitroso,  formic  acid 
and  probable  ketone  are  typically  observed  at  lower  temperatures,  but  at  lower 
levels  than  at  higher  temperatures  (or  with  boron  present). 

4.  Several  high  temperature  products  are  seen  in  both  RDX  and  HMX 
decomposition  and  Include  an  unidentified  amide  or  urea  and  N  ,N-dimethyl- 
formam ide . 
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(2)  Some  products,  such  as  N-nitrosodimethylamine ,  N-inethylf ormamide  and 
the  unidentified  amide  or  ketone  are  not  seen  at  all  in  RDX,  but  are  present 
in  boron  modified  propellants. 

Thus,  the  effect  t:f  boron  seems  to  be  to  catalyze  decomposition  of  the 
nitramines  so  that  energy  is  released  at  a  more  rapid  rate.  Under  gun  and 
other  high  pressure  conditions  this  could  result  In  more  lower  molecular 
weight  gases  being  produced  at  a  faster  rate.  Recently  instrumentation  has 
been  developed  and  Is  available  to  our  laboratory  which  enables  J' freezing-out" 
of  chemical  products  formed  in  a  high  pressure  bomb.  Identification  of  such 
products  would  provide  a  link  between  the  chemistry  elucidated  in  this  work 
under  low  pressures  with  mechanisms  most  likely  to  occur  under  gun 
conditions.  Such  an  understanding  would  be  most  useful  in  the  selection  of 
borohydride  compounds  for  various  applications  in  which  the  burning  rate 
promotion  is  desired. 
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LIST  OF  ACRONYMS 


DSC  Differential  Scanning  Calorimetry 

FID  Flame  Ionization  Detector 

FTIR  Fourier  Transform  Infrared 

FSOT  Fused  Silica  Open  Tubular 

GC  Gas  Chromatograph 

HQ  I  Hit  Quality  Index 

HMX  Cyclotetramethylene  Tetranitramine 

mRDX  Mononitroso  CyclGtri.aethyle.  Trlnitramine 

RDX  Cyclotrimothylene  Trinitramine 

TAGN  Triaminoguanidine  Nitrate 

TCD  Thermal  Conductivity  Detector 

TGA  Thermal  Gravimetric  Analysis 

IMA  Tetramethyl ammonium 

VHBR  Very  High  Burning  Rate 
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